The weakly-bound molecular clusters (D2O)2-CO and (D2O)3-CO are observed in the C-O stretch fundamental region (2150 cm -1 ), and their rotationally-resolved infrared spectra yield precise rotational parameters. The corresponding H2O clusters are also observed, but their bands are broadened by predissociation, preventing detailed analysis. The rotational parameters are insufficient in themselves to determine cluster structures, so ab initio calculations are employed, and good agreement between the experimental and theory is found for the most stable cluster isomers, yielding the basic cluster geometries as well as confirming the assignments to (D2O)2-CO and (D2O)3-CO. The trimer, (D2O)2-CO, has a near-planar geometry with one D atom from each D2O slightly out of the plane. The tetramer, (D2O)3-CO, has the water molecules arranged in a cyclic quasi-planar ring similar to the water trimer, with the carbon monoxide located 'above' the ring and roughly parallel to its plane. The tunneling effects observed in the free water dimer and trimer are quenched by the presence of CO. The previously observed water-CO dimer together with the trimer and tetramer reported here represent the first three steps in the solvation of carbon monoxide.
Introduction
High resolution spectroscopy of weakly-bound clusters provides a sensitive and detailed probe of intermolecular interactions (van der Waals and hydrogen bond forces). But detection and analysis of such spectra becomes more challenging as cluster size increases (dimer, trimer, tetramer, …). Quantum chemical calculations can offer important help in the interpretation of experimental spectra, and the analyzed spectrum can then contribute to refinement of the calculations. In the present paper, we report observation of infrared spectra of the trimer (D2O)2-CO and the tetramer (D2O)3-CO. Ab initio structural calculations, also reported here, played an essential role in understanding the spectra and in establishing the cluster structures responsible for them.
The water-CO dimer is known to have a planar equilibrium structure with approximately collinear heavy atoms (O, C, O) and a hydrogen bond between the water and the carbon of CO.
Interchange of the H (or D) atoms gives rise to two resolved tunneling states which correspond to distinct nuclear spin modifications. For the mixed isotope dimer containing HDO, there is no such tunneling but rather two isomers HOD-CO (deuteron bound) and DOH-CO (proton bound).
A number of spectroscopic studies of water-CO have been made in the microwave, 1 millimeter wave, 2 and infrared [3] [4] [5] [6] [7] regions.
There have been a few high-level ab initio calculations of the water-CO global potential energy surface, 6, 8, 9 and many of the water-water potential surface. 10 However, in this paper we use new calculations applied directly to mixed water-CO clusters in order to find plausible energy minima to compare with our observed spectra.
Experimental spectra and analysis
The spectra were recorded in Calgary as described previously 7, 11-13 using a pulsed supersonic slit jet expansion probed by a rapid-scan tunable infrared quantum cascade laser. A typical expansion mixture contained about 0.01% D2O plus 0.02 -0.06% CO in helium carrier gas, with a backing pressure of about 10 atmospheres. Wavenumber calibration was carried out by simultaneously recording signals from a fixed etalon and a reference gas cell containing N2O, and spectral simulations were made using the PGOPHER software. 14 While recording spectra 7 of the D2O-CO dimer in the C-O stretch region (2150 cm -1 ), we observed two new bands whose appearance and density of lines indicated that they must arise from clusters larger than the dimer. One obvious candidate was the trimer D2O-(CO)2, whose microwave spectrum (in the form of H2O-(CO)2) was studied in 1995 by Peterson et al. 15 However, it was immediately evident that this species was not responsible for either of our new bands because the predictable rotational parameters were not consistent with the observed spectra. By a process of trial, error, and refinement, we eventually managed to obtain excellent fits to both bands in terms of asymmetric rotor models. The key enabler in this process was PGOPHER 14 and its excellent interactive tools. Both spectra are illustrated in Fig. 1 , and the parameters resulting from the fits are given in Table 1 . 
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The first 'mystery' band is centered at about 2158.4 cm -1 , which represents a vibrational shift of about +15.1 cm -1 relative to the free CO molecule. It lies above the fundamental band of the D2O-CO dimer at 2154.5 cm -1 . In the analysis of this band, we fitted 144 observed lines in terms of 176 transitions with an rms error of about 0.0003 cm -1 . The rotational constants from this band, (A, B, C)  (5718, 2606, 1794 MHz), correspond approximately to what one expects for a trimer containing one CO and two D2O molecules. These parameters give a small inertial defect (-0.62 amu Å 2 ), indicating that the structure must be close to planar, at least for all the heavy atoms, C and O. The relative intensity of transitions in the band corresponds to a hybrid structure in which the transition dipole moment in the a-inertial direction is roughly twice the magnitude of that in the b direction. This gives information about the orientation of CO within the cluster.
But even with this constraint, and assuming the formula (D2O)2-CO, the rotational constants were insufficient to establish a unique experimental structure --there were just too many possibilities.
The second 'mystery' band is centered at about 2149.6 cm -1 , representing a smaller vibrational shift of about +6.4 cm -1 . The fit included 125 observed lines assigned to 325 transitions with an rms error of 0.00057 cm -1 (there are many blended lines). This is also a hybrid band, with roughly equal aand b-dipole contributions, and little or no c-dipole contribution. The derived rotational constants, (A, B, C)  (2943, 1625, 1590 MHz), correspond approximately to those expected for the tetramer (D2O)3-CO. There are many possible ways to arrange three water molecules and one carbon monoxide, so again we were not able to establish a unique experimental structure without further guidance! So far, we have presented spectra obtained with D2O. We also observed both new cluster bands using H2O, but unfortunately found that they are significantly broadened, presumably by 7 predissociation in the upper state (that is, shortened lifetimes). This broadening made detailed analysis impossible. Its magnitude for both bands was very approximately 0.009 cm -1 (FWHM).
For the first band, the origin for the H2O containing species is at 2157.47 cm -1 , which is about 0.9 cm -1 below that of the D2O containing species. For the second band, the origin is 2148.85 cm -1 , about 0.8 cm -1 lower. Interestingly, these H2O to D2O shifts are similar in sign and magnitude to the shift of 0.92 cm -1 observed previously 3, 7 for the water-CO dimer.
Computational details
Following a methodology based on previous studies on molecular clusters, 16,17 the potential energy surfaces (PES) of both (D2O)2-CO and (D2O)3-CO clusters were investigated at B2PLYP level of theory 18 in conjunction with the m-aug-cc-pVTZ basis set. 19 To properly take into account dispersion effects, 20,21 the D3BJ corrections 22, 23 were used. For both (D2O)2-CO and (D2O)3-CO, 100 different starting geometries were randomly generated and then fully optimized; on each of these structures, subsequent hessian calculations were carried out to confirm that they were true minima. By using the equilibrium rotational constants to cluster these minima, we thus identified three possible low-lying different isomers for (D2O)2-CO and eight for (D2O)3-CO.
Through the use of appropriate extrapolation approaches to the complete basis set (CBS) limit, both basis set incompleteness (BSIE) and superposition (BSSE) errors can be accounted for when computing different molecular properties (see, for example, Refs. (24, 25) and references therein). Therefore, the accurate determination of the binding energies of these clusters at CBS limit were performed employing two different composite schemes. The first one (hereafter labeled as CBS-1) is based on the three-point extrapolation proposed by Feller, 26 the second one, CBS-2, employed the 4-5 inverse polynomial scheme, 27, 28 widely used for assessing the energies of water clusters. 29, 30 These results are collected in Table 2 . The geometry of the most stable structure was further refined by calculations carried out at CCSD(T*)-F12c level of theory. 31 Vibrational corrections to these equilibrium rotational constants were obtained by VPT2 treatment using the anharmonic force constants calculated using the B2PLYP and B3LYP functionals, given their performances reported in the literature for the cubic part of the potential. 32 As done in previous investigation, 17 the potential bias (in the VPT2 step) due to intermolecular motions was taken into account by using a reduced-dimensionality scheme as implemented in an appropriate suite of programs. 33 Further details about the computational methodology and the extrapolation schemes employed in the present work can be found in the supplementary material. 
Discussion and conclusions
The calculated rotational parameters for the most stable trimer and tetramer isomers are given in the last column of Table 1 . The agreement, though not quite perfect, is definitely sufficient to confirm the assignments to (D2O)2-CO and (D2O)3-CO and the basic cluster geometries. Other possible isomers that were investigated not only had higher calculated energies but also had incompatible rotational constants. The theoretical structures of the most stable trimer and tetramer are listed in Table 3 and shown in Figs. 2 and 3 . The trimer geometry has all the heavy atoms, and one D atom from each D2O, in a common plane. This accounts for the small observed inertial defect. One remaining D atom lies above the plane, and the other below it. The CO axis lies at an angle of 31° to the ainertial axis, giving a ratio of 1.6 for the a-axis to b-axis dipole transition moments, as compared to the observed value of 2.0. transition dipoles is 0.79, which agrees well with experiment (this value is used for the simulated spectrum in Fig. 1 ).
In conclusion, the weakly-bound clusters (D2O)2-CO and (D2O)3-CO have been studied experimentally by high-resolution infrared spectroscopy in the C-O stretch fundamental region, and theoretically by means of ab initio calculations. The analogous H2O clusters were also detected, but showed significant (0.009 cm -1 ) predissociation broadening which made detailed analysis impossible. The spectra give precise band origins and rotational parameters (A, B, C), but these are not sufficient to specify the cluster structures. However, the calculations give parameters in good agreement with experiment for the lowest energy isomers of each cluster, and thus provide confirmation of the assignments to (D2O)2-CO and (D2O)3-CO as well as their essential structural details. The trimer, (D2O)2-CO, has a near-planar geometry in which one D atom of each D2O lies slightly out of the plane. The tetramer, (D2O)3-CO, has the three water molecules in a cyclic quasi-planar ring structure similar to that of the water trimer with the carbon monoxide located 'above' the ring and roughly parallel to its plane. There is no evidence for tunneling effects (such as observed in water dimer and trimer) in the spectra.
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SUPPLEMENTARY MATERIAL

COMPUTATIONAL METHODOLOGY
For computing the CBS limit of the binding energies, two different extrapolation schemes were used, both composed of several single point energy calculations carried out on the optimized geometries obtained at B2PLYP-D3BJ level of theory in conjunction with the m-aug-cc-pVTZ basis set. 1 For the composite schemes, the aug-cc-pVNZ basis sets with N= T, Q and 5 were employed. 2, 3 Additional calculations were carried out using the cc-pCVTZ basis set. 4 The first composite scheme, labelled as CBS-1, is based on separate extrapolation of the CBS limit for the Hartree-Fock (HF-SCF) energy, ECBS(HF-SCF) and for the correlation energy computed at MP2 level of theory, ECBS(corr). For ECBS(HF-SCF) the expression proposed by Fenner 5 was used, while for ECBS(corr) the following inverse cubic function was used:
The CBS limit was expressed as:
The effects due to higher-order electron correlation past the MP2 level of theory was taken into account as the difference between the CCSD(T) and MP2 single point energies, computed using the aug-cc-pVTZ basis set. The CBS-1 limit was therefore given as The second composite scheme, labelled as CBS-2, is based on using the 4-5 inverse polynomial extrapolation for the CBS energy at MP2 level, 6, 7 according to the following expression: = (MP2) + ( + 1) 4 + ( + 1) 5
The corrections due to higher-order electron correlation past the MP2 level of theory, and those due to CV effects, are computed as in CBS-1.
On the basis of these two extrapolation schemes (and taking into account the inclusion of zero-point vibrational correction), the most stable isomers of (D2O)2-CO and (D2O)3-CO among the different structures optimized were therefore identified. These two isomers were further optimized at CCSD(T)-F12c level of theory employing the VTZ-F12 and VDZ-F12 basis sets for (D2O)2-CO and (D2O)3-CO, respectively. Anharmonic corrections were computed (within the framework of VPT2 theory and employing a reduced dimensionality scheme) using the m-aug-cc-pVTZ basis set and the B2PLYP-D3BJ and B3LYP-D3BJ functionals for (D2O)2-CO and (D2O)3-CO, respectively.
All the DFT-D3BJ calculations were performed using the ORCA suite of programs, 8 while MOLPRO was used for CCSD(T*)-F12c computations; 9,10 single point energy calculations were carried out using the Gaussian suite of quantum chemical programs. 11 Geometry optimizations were carried out using the TightOpt criteria as implemented in the Orca software.
